The genus Cinnamomum (Family: Lauraceae), comprising small to medium sized aromatic trees, are distributed mainly in the tropical region. The genus is represented by 250 species in the world and 45 species in India, of which 31 species are endemic to the country [1, 2] . Cinnamomum species are distributed in India mainly in two phyto-geographical zones, North East India and the Western Ghats. The Western Ghats, a global biodiversity hot spot, harbors 24 Cinnamomum species, of which 16 species are endemic to the region, while 15 Cinnamomum species are reported from North East India [3] [4] [5] [6] [7] [8] .
Cinnamomum species are well known for their aromatic nature and spice value and the fragrant essential oils of Cinnamomum species are of high demand in international trade in food, perfumery and cosmetic sectors [7] . The essential oil chemistry of different Cinnamomum species has been reported from world over and the genus is a source of several important aroma compounds such as eugenol and trans-cinnamaldehyde (C. verum, C. cassia, C. tamala) [7, 8] , benzyl benzoate (C. rhyncophyllum, C. microphyllum, C. mollissimum), (E)-methyl cinnamate (C. pubescens, C. impressicostatum), methyl eugenol (C. baileyi) [9, 10] , linalool (C. altissimum) and camphor (C. camphora) [11, 12] . Essential oils and aroma compounds from C. zeylanicum exhibited antibacterial, antifungal [13] and antimalarial activities [14] . Other important Cinnamomum species such as C. cassia, C. tamala and C. camphora showed antioxidant, antimicrobial and nematicidal properties [7] . Linalool, an important odorant compound, ubiquitously distributed in different Cinnamomum species showed notable antimicrobial, immunomodulatory and anti-inflammatory properties [15] .
The volatile chemical studies on 12 Cinnamomum species were reported from the North East India, while only 10 species have been studied for their volatile chemicals from the Western Ghats [16] [17] [18] [19] [20] [21] .
Eugenol has been identified as the major component of C. verum leaf essential oil from different parts of India [13] . C. tamala is a common species in North East India and different chemotypes such as eugenol, cinnamaldehyde, linalool, and trans-sabinene hydrate-β-ocimene types were reported [20] . Four chemotypes of C. sulphuratum were reported from North East India viz., linalool type, citral-cinnamaldehyde type, methyl cinnamate type and cinnamaldehyde type, while the benzyl benzoate type was reported from the Western Ghats [21, 22] . The major volatile compounds in the Western Ghats endemic species C. chemungianum, C. filipedicellatum and C. heyneanum were β-selinene, cryptone and safrole respectively [17] . Linalool has been identified as the major aroma compound of C. malabathrum, a common aromatic species from south India [18] .
The present study reports for the first time, a comprehensive account of the volatile oil chemistry of eight Cinnamomum species collected from the Western Ghats and their chemotaxonomy. Leaf essential oil yield of the Cinnamomum species varied from 0.06 %v/w to 1.80 %v/w (Supplementary Table S1 ). The maximum oil yield was for C. mohanense (1.80 %v/w), followed by C. travancoricum (1.30%v/w), C. agasthyamalayanum (1.20%v/w) and C. litseifolium (1.10%v/w). Essential oil analysis through capillary GC-FID and GC-MS led to the identification of 112 compounds comprising 93.7 to 98.3% of total essential oil compositions (Table 1) .
Monoterpenoids were the major constituents in C. travancoricum, C. mohanense and C. wightii while sesquiterpenoids were predominant in C. dubium, C. palghatensis and C. riparium. In C. litseifolium, mono and sesquiterpenoids were almost equally distributed. Phenyl propanoids were major in C. walaiwarense, while aliphatic hydrocarbons were negligible in all the Cinnamomum species studied.
Major compounds identified in C. travancoricum was the monoterpene hydrocarbon (Z)-β-ocimene (31.1%), while in C. mohanense and C. wightii, the oxygenated monoterpenes 1,8-cineole (50.1%) and 1,4-cineole (59.4%) respectively were the major constituents. Previous study reported the oxygenated monoterpene eucalyptol as one of the major compounds from six wild Cinnamomum species from Borneo [23] . Volatile oils containing 1, 8-cineole with characteristic spicy aroma are used in confectioneries, beverages, insect repellents, and also in aromatherapy [7] . The high oil yield of C. mohanense (1.80 %v/w) and C. wightii (0.80 %v/w) make the species new natural sources of the potential volatile aroma chemical cineole.
In C. litseifolium, monoterpenoids and sesquiterpenoids were almost equally distributed (41.6 and 52.7% resp.), and the species can be characterized by high content of the monoterpene hydrocarbon, α-phellandrene (32.1%). Essential oils rich in α and β-phellandrene are also used in perfumes, disinfectants and liquid soaps [24] .
Oxygenated sesquiterpenes contributed to the major part of essential oils of C. dubium and C. riparium. C. dubium was rich in caryophyllene oxide (64.4%), an approved food flavoring agent. Recent studies showed that caryophyllene oxide and its analogues effectively control house dust mites [25] . It is noteworthy that caryophyllene oxide rich Cinnamomum species were not reported from the Western Ghats previously.
In C. riparium shyobunol (22.0%) and α-cadinol (12.5%) were the major volatile compounds, while bicyclogermacrene (25.0%) and (E)-caryophyllene (12.9%) were characteristic to C. palghatensis. The phenyl propanoid safrole was the major constituent (68.1%) in C. walaiwarense. Essential oils of C. macrocarpum from Malaysia were found to be rich in safrole and the oil exhibited significant antioxidant and anticholinesterase activities [26] .
Present study revealed that the Cinnamomum species from the Western Ghats can be considered as rich repository of aromatic compounds such as 1, 4-cineole, 1, 8-cineole, phellandrene, safrole and caryophyllene oxide. These aroma compounds find use as antioxidants, antimicrobials, antifungals and insect repellents [24] , and are of high demand in international trade [7, 23] .
Systematics of Cinnamomum species primarily depends on analysis of the morphological characters, which is often difficult due to its wide diversity, genetic variation, morphological similarity between species and strict seasonality in flowering and fruiting [2] . Chemotaxonomy is evolving as a supportive tool for systematics and especially the volatile chemical profile has been utilized for the chemotaxonomic purposes in such complex plant groups [27, 28] . In the present study, the wide array of volatile chemical structures in Cinnamomum species and their distribution pattern were utilized for their differentiation.
The structures of major/marker compounds identified from Cinnamomum species in the present study are shown in supplementary Figure S1 . The major components were grouped into seven different carbon skeletons, SK-1 to SK-7 (supplementary Figure S2) , to study the inter-relationships between different Cinnamomum species [29] . Menthane type compounds (SK-1) were major in C. litseifolium, C. mohanense and C. wightii. C. litseifolium is distinct by the presence of α-phellandrene, a menthane type monoterpene and the species also possess structurally diverse sesquiterpenoids belonging to cadinane (SK-4) and eudesmane type (SK-5). C. wightii showed close resemblance with C. mohanense since the menthane derivatives 1,4-cineole and 1,8-cineole were major in both the species, but the occurrence of thujane compounds (SK-3) like α-thujene, sabinene, cis-sabinene hydrate, trans-sabinene hydrate and γ-terpineol in C. mohanense differentiates it from C. wightii and other menthane rich species.
C. dubium stands distinct for the high content of the caryophyllane derivatives (SK-7) caryophyllene oxide, humulene epoxide II and caryophylla-4,12(8),13-dien-5-α-ol. Also, C. dubium can be distinguished by the presence of (E) and (Z) forms of nerolidyl isobutyrate having 2,6-dimethyl octane skeleton (SK-2). Interestingly caryophyllanes were also identified in C. palghatensis but it differed from other species as well as from C. dubium by the higher contents of bicyclogermacrene. A critical examination of volatile profile of C. palghatensis revealed that derivatives of 2,6-dimethyl octanes, caryophyllanes and aromadendranes were equally distributed in the species and their distribution pattern may be useful to distinguish C. palghatensis from other species.
Compounds having cadinane skeleton (SK-4) were prevalent in C. riparium. However, the major compound in C. riparium was shyobunol (22.0 %) having elemane type skeleton. Shyobunol content was negligible or absent in other Cinnamomum species, which makes it a chemotaxonomic marker for C. riparium. 2,6-Dimethyl octane type (SK-2) compounds(Z)-β-ocimene and (E)-β-ocimene were characteristic only to C. travancoricum which helps to distinguish the species. The distribution of the compounds in different Cinnamomum species may be utilized for phylogenetic purposes and could be helpful in the identification of Cinnamomum species as well.
Apart from the essential oil chemistry and chemotaxonomy of eight hitherto uninvestigated Cinnamomum species, the volatile chemical profiles of new chemotypes of C. agasthyamalayanum and C. keralaense are also reported in the present study.
C. agasthyamalayanum, collected from Chemungi, Kerala and Kalakad-Mundandurai, Tamil Nadu, has been recently reported as rich source of camphor (51.7-70.8%) [19a] . In the present study, camphor content of the accessions of C. agasthyamalayanum collected from Ponmudi hills, Kerala was only 6.0%, while, β-phellandrene (33.2%) and eugenol (22.7%) were detected as the major constituents. Based on the distinct volatile chemical composition, C. agasthyamalayanum collected from Ponmudi hills, Kerala is proposed as a new phellandrene-eugenol chemotype. Earlier reports on essential oils of Cinnamomum species from Cameroon with high eugenol content showed promising antioxidant as well as antifungal activities and was effective against biodeterioration of stored food products [30] .
Essential oils of a population of C. keralaense collected from Gavi forests of Kerala were found rich in benzyl benzoate (58.1%) followed by (Z)-methyl cinnamate (13.2%). Variation in volatile chemicals of three distinct populations of C. keralaense was recently reported and methyl eugenol, β-phellandrene and α-cadinol respectively were the major compounds identified [19b] . Interestingly, in the present study methyl eugenol, β-phellandrene and α-cadinol were totally absent, while benzyl benzoate and (Z)-methyl cinnamate were the major volatiles. The result substantiates the chemotype status of the new accession of C. keralaense collected from Gavi forests of Kerala. The chemical polymorphism exhibited by C. agasthyamalayanum and C. keralaense may be correlated to climatic influence and other edaphic factors [28] . 
Bicyclogermacrene 1498 1500 The present investigation is the first report on essential oil compositions of the eight Cinnamomum species, of which, except C. dubium and C. litseifolium, all are endemic to the Western Ghats. The paper also reports new chemotypes of C. agasthyamalayanum and C. keralaense. The study indicates that the wild Cinnamomum species are rich sources of economically important aroma compounds. The information is useful in developing new perfume concoctions, food additives and medications. Chemotaxonomy based on distribution of compounds with distinct carbon skeletons has proved an efficient supporting tool in differentiating Cinnamomum species unambiguously. The study also highlights the potential of the floristic wealth of the Western Ghats in India and the need for its conservation and sustainable utilization.
Experimental
Plant material: Fresh leaves of Cinnamomum species were collected from different locations of south Western Ghats of India. The species were identified by Dr. E. S. Santhosh Kumar, JNTBGRI, Thiruvananthapuram. Voucher specimens were deposited at the herbarium of Jawaharlal Nehru Tropical Botanic Garden and Research Institute (TBGT) ( Table S1 ).
Isolation of essential oils:
Fresh leaves (250 g each) of the Cinnamomum species were hydrodistilled using a Clevenger-type apparatus for 4 h. The essential oils collected were dried over anhydrous Na 2 SO 4 and kept at 4 
Identification of components:
The essential oil components were identified by comparison of their retention indices (RIs) on a HP-5 column calculated using standard series of C 8 -C 30 hydrocarbons (Aldrich Chemical Company, USA), by Wiley 275.L and NIST 11 database matching and by literature comparison [31] .
